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R115Super-Resolution Microscopy:
A New Dimension in Focal AdhesionsSuper-resolution light microscopy images of integrin-mediated adhesions
have revealed that signaling and cytoskeletal proteins reside at characteristic
vertical distances between the plasma membrane and F-actin.140
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Figure 1. Focal adhesions in three dimensions.
iPALM localization of focal adhesion proteins showed that the integrin cytoplasmic domain,
FAK and paxillin lie close to the inner surface of the plasma membrane. Talin’s amino terminus
is near the integrin tails, whereas its carboxyl terminus is closer to the actin layer, which lies
about 40 nm above the cytoplasmic tails of integrin. Vinculin lies in between the talin head
and tail. The actin-binding proteins a-actinin, zyxin and VASP are close to or within the lowest
part of the F-actin layer. (Reproduced with permission from [7].)Martin Alexander Schwartz
Integrins mediate attachment of cells
to extracellular matrix (ECM) structures
such as basement membranes and
collagen fibrils in vivo, and to
ECM-coated cover slips and tissue
culture plastic in vitro [1]. What makes
them the subject of fascination to
biologists of many stripes is their
multiplicity of functions. These
receptors not only anchor cells but
physically connect through linker
proteins to the actin cytoskeleton;
organize actin filaments and
microtubules through intracellular
signaling pathways; determine cell
survival, differentiation and
proliferation; and modulate their size,
organization and function in response
to mechanical stresses [2–4]. The
combined adhesive, signaling and
mechanical functions of integrins are
a major determinant of cells’
organization into complex structures.
Past studies have shown that
integrin-mediated adhesions contain
hundreds of proteins and have
identified multiple interactions
between the principle components [5].
Indeed, biochemical studies of the
proteins that localize to the adhesions
seem to suggest that everything binds
to nearly everything else, such that
the inner membrane of the adhesions
must resemble a pot of glue. Yet the
dynamics of the adhesions themselves
and of the individual components
during processes such as cell
migration are precise and highly
regulated [6]. Thus, a more realistic
view is that molecular interactions are
regulated and organized to carry out
precise functions at the appropriate
time and place. Understanding these
finer points of spatial structure and
regulation is therefore a key goal for
researchers. Progress, however, has
been hampered by the limited
resolution of light microscopy and
the limited specificity of electron
microscopy.
An elegant study by Kanchanawong
et al. [7], recently published in Nature,has now addressed this problem
through a new super-resolution light
microscopy method called
interferometric photoactivated
localization microscopy or iPALM. The
original PALM works by successively
activating small numbers of spatially
separated fluorophores and localizing
the center of the point spread function
for each one; the large number of
photons gathered for each fluorophore
prior to its bleaching allows assignment
of the center to high accuracy [8].
iPALM adds an interferometric step
in which light gathered through two
opposing objectives interferes at the
camera interface, which brings z-axis
resolution to within 10–15 nm [9]. The
current paper examines a variety of
focal adhesion proteins fused to the
PALM-suitable fluorescent protein
EOS. These constructs were expressed
in fibroblastic cells that make large
focal adhesions in culture. Imaging
using the iPALM protocol was then
carried out. Thus, a small fraction of
EOS fluorescent proteins are activated
withweak 405 nm light, images are then
taken under strong illumination at
561 nm to localize each fluorophore
in x, y and z dimensions. The cycle isrepeated until all of the EOS fluorescent
proteins are activated and bleached,
and the summed data analyzed.
These studies revealed that actin lies
about 40 nm above the integrin
cytoplasmic tails at the inner surface
of the plasma membrane (Figure 1).
Amino-terminally tagged focal
adhesion kinase (FAK) and paxillin
(both amino- and carboxy-terminally
tagged) lie in the same plane near
the membrane. By contrast, the
actin-crosslinking protein a-actinin
lies close to the actin layer, consistent
with its affinity for actin [5]. Talin was
notable in that an amino-terminal tag
on the integrin-binding head domain
was only slightly above the integrin
layer, while a carboxy-terminal tag near
an actin-binding site wasw34 nm
higher, close to the actin layer. Vinculin,
which localizes to adhesions through
its talin-binding amino terminus,
localized at an intermediate position
between the two ends of talin,
consistent with its talin dependence.
Zyxin and VASP, both of which bind
actin filament ends and modify actin
polymerization, localized just below the
actin layer, at about the same position
as the talin carboxy-terminal tag.
The results from these studies are
therefore consistent with published
biochemical analyses but provide a
new dimension. For example, vinculin
and a-actinin interact in vitro but the
new imaging data suggest they are
spatially segregated. The data also
suggest that some of the talin
molecules are stretched beyond their
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with a recent atomic force microscopy
study of isolated talin in vitro [10].
One important caveat in interpreting
these studies is that the technique
localizes the fluorescent protein, not
the target protein per se. Adding
1–2 nm (the diameter of EOSplus linker)
is straightforward, but the geometry
of the EOS relative to the rest of the
molecule is unknown. Thus, the EOS
moiety could be highly mobile or
could be ‘stuck’ at a defined
orientation relative to the amino- or
carboxy-terminal domain to which it
is attached. While a mobile EOS will
simply broaden the Gaussian
distribution for Z-axis location, a fixed
orientation could introduce a small but
systematic error. While the potential
error is small relative to the 40 nm scale
examined by Kanchanawong et al. [7],
it may not be negligible for some
applications.
This study points the way toward
approaches that are likely to transform
our understanding of multi-protein
complexes in living or fixed cells. The
ability to localize specific components
in three dimensions with 10–20 nm
resolution represents a major advance
that will catalyze progress in many
fields of cell biology. Moreover, assuper-resolution acquisition times
become faster, it will become
possible to analyze active processes.
Integrin-mediated adhesions in
particular are dynamic, force-sensitive
machines that respond to changes in
ECM composition, topography and
mechanics to determine cellular
responses [6]. But the active, dynamic
process by which cells read the
topography and mechanical properties
of the ECM are poorly understood.
A detailed analysis of the location of
specific protein domains in
adhesions during sensing would be
a huge step forward. The biology
community can look forward to
major advances in understanding these
and other complex subcellular
machines as a result of the resolution
revolution.
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Apes to BeesNew research shows that honeybees can classify arrangements of two visual
patterns according to their spatial configuration. Can bees learn relational
concepts of ‘above’ and ‘below’? And are the underlying psychological
processes comparable in humans and other primates facing similar tasks?Lars Chittka and Keith Jensen
The study of concept formation in
animals is notoriously contentious.
On the one hand, it appears at the heart
of the question of whether animals
can be capable of ‘abstract thinking’
in a human-like sense; on the other
hand, it is often difficult to rule out that
what appears to be conceptual
thinking cannot be explained by low-
level cues. Machery [1] defines the
term as follows: ‘‘A concept of x is
a body of information about x that is
stored in long-term memory and that is
used by default in the processesunderlying most, if not all, higher
cognitive competences when they
result in judgments about x’’ [1]. We
invite the reader to brainstorm for a few
moments as to what the concept of
‘dog’ entails. It is much more than
a category encompassing a huge
variety of distinct breeds with sizes
ranging from the equivalent of a cat to
a pony, with distinct colour coats and
body proportions; the concept of ‘dog’
also includes many types of semantic
information, various behaviour
patterns and ‘mentalities’, multiple
ways in which dogs can be useful to
their owners, and so on [2].Ever since Herrnstein and Loveland
[3] showed that pigeons could
discriminate novel stimuli (pictureswith
people in them as opposed to
unpopulated pictures), there has been
interest in whether animals have
concepts. The debate centres on the
question of whether what appears like
concept formation can instead be
explained by stimulus generalisation
[4,5] and discrimination by first order
perceptual features [6,7]. In one
categorisation experiment,
chimpanzees managed to sort a mix
of various different tools and food
items into separate piles — despite the
fact that exemplars within each
category had no obvious physical
resemblance to one another [8]. Had
the chimpanzees thus understood the
concept of ‘tools’ and ‘food’? It has
been pointed out that subjects could
have simply classified objects by
whether or not they induce salivation
[9]; and indeed there are many other
low-level cue explanations — after all,
